Phosphatidylinositol 3-kinase products play a central role in the regulation of several intracellular pathways via adaptor proteins that share the ability to bind to 3-phosphoinositides with high affinity and specificity. JFC1 is a C2 domain-containing protein involved in cellular trafficking that has been shown to bind 3-phosphoinositides in vitro. In this work, we demonstrate that the C2A domain of JFC1 is the module responsible for its binding to the plasma membrane via 3-phosphoinositides in vivo. We show that the C2A domain of JFC1 is the only domain present in this protein that localizes to the plasma membrane in living cells. Moreover, the C2A domain of JFC1 binds 3-phosphoinositides in vitro with similar specificity as that described for full-length JFC1, suggesting that the domain mediates the specific membrane localization of the full-length protein. Furthermore, the C2A domain of JFC1 colocalized with the pleckstrin homology domain of Akt in vivo, and both the JFC1 C2A domain and the full-length JFC1 dissociated from the membrane in the presence of PI 3-kinase specific inhibitors. We also show that the association of the C2A domain to the membrane is modulated by calcium. From these results we analyze possible mechanisms for the role of JFC1 in cellular trafficking.
P hosphoinositides are specialized phospholipids known to localize to the inner leaflet of the plasma membrane, vesicles, and the nuclear envelope and participate in several signaling pathways (1) . One of these phosphoinositides, phosphatidylinositol (4,5)-bisphosphate [PtdIns(4,5)P 2 ], plays a central role in the regulation of several intracellular pathways, from actin cytoskeleton modulation and vesicle trafficking (2) to modulation of the transcription factor Tubby protein (3) . Furthermore, PtdIns(4,5)P 2 is a precursor for the second messenger phosphatidylinositol (3, 4, 5) trisphosphate [PtdIns (3, 4, 5) P 3 ] via the phosphoinositide 3-kinases (PI 3-kinases; ref. 4) . PI 3-kinases and their products 3Ј-phosphorylated phosphoinositides (3Јphosphoinositides) are also involved in many crucial cell functions including vesicle trafficking (1, 2) , cytoskeleton modulation, and cell survival (5) . It is now clear that most of the functions regulated by phosphoinositides are mediated by adaptor proteins that share the ability to bind to PtdIns(4,5)P 2 and PI 3-kinase products with high affinity and specificity. These effectors are characterized by the presence of specialized phosphoinositide-binding domains. These domains include the pleckstrin homology (PH) domain (6) , the FYVE finger (7) , and the recently discovered PHOX homology (PX) domain (8) . Furthermore, C2 domains have been shown to bind to phospholipids or phosphoinositides in the presence or absence of calcium (9) . Proteins that contain C2 domains could generally be categorized as signal transduction mediators or membrane traffic effectors (10) . The most extensively studied proteins included in the last group are the synaptotagmins (Syts). Syts are a group of transmembrane proteins that contain tandem C2 domains and have been found to be involved in neurotransmission. Syt I is considered to be the main Ca 2ϩ sensor in synaptic vesicle exocytosis. Interestingly, Syt I has been described to bind to PtdIns(3,4,5)P 3 and PtdIns(4,5)P 2 via its C2B domain in a calcium-dependent manner, with the specificity of the binding switching at calcium concentrations similar to those usually found at the synapse in response to a nerve impulse (9) . In the same work, this phenomenon has been proposed to be involved in the regulation of exocytosis. Therefore, it is not unlikely that different C2-containing proteins could have similar roles in nonneural tissues.
JFC1 is a tandem C2 domain-containing ATPase (11) that was recently identified in our laboratory by the use of a yeast two-hybrid system with the C-terminal half of the leukocyte NADPH oxidase cytosolic factor p67 PHOX as bait (12) . The C2A domain of JFC1 is highly homologous to the C2B domain present in Syt I and possesses a close match to the polyphosphateinositol-binding site K(K͞R)KTXXK(K͞R) found in several members of this family (12) . Interestingly, JFC1 binds to phosphoinositides in vitro, showing preference for PtdIns(3,4,5)P 3 over phosphatidylinositol (3, 4) (12) . Although the C2A domain of JFC1 is the main candidate thought to mediate the phosphoinositide binding, it is still not clear which domain of JFC1 is involved in this role. Interestingly, in a recent study, JFC1 was found to specifically bind Rab27A in vivo (13) , a GTPase known to regulate melanosome transport (14) and secretion in cytotoxic T lymphocytes (15) . As mentioned above, PI 3-kinase products have been involved largely in membrane trafficking. Therefore, it is likely that the phosphoinositide-binding capacity of JFC1 is an essential requirement for its accurate function in vivo. In this work, we characterize the phosphoinositide-binding capacity of JFC1 in living cells and identify its phosphoinositide-binding domain.
Experimental Procedures
Cell Cultures and Transfections. The fibroblast embryonic cell line NIH 3T3 (ATCC), was maintained in DMEM supplemented with 10% (vol͞vol) FCS (GIBCO͞BRL) at 37°C in 5% CO 2 ͞air. The human prostate cell line LNCaP (ATCC) was cultured as described (16) . Transfections were performed on coverglass slides using FuGene 6 (Roche Molecular Biochemicals) as described by the manufacturer. The transfected DNA comprised 1 g of the appropriate enhanced green fluorescent protein (EGFP-C2, CLONTECH) fusion constructs described under Cloning. Where specified, the DNA mixture also included 0.5 g of an expression vector for the activated PI 3-kinase p110 under the control of the CMV promoter (Upstate) or 0.5 g of the appropriate red f luorescent protein (pDsRed-N1, CLON-TECH) fusion constructs also described under Cloning. After Abbreviations: PtdIns (3, 4) transfection (48 h), cells were washed twice and transferred to Hank's balanced salt solution (GIBCO͞BRL) at 30°C. Living cells were analyzed by use of a krypton͞argon laser-equipped Bio-Rad MRC1024 laser scanning confocal microscope at The Scripps Research Institute. Where appropriate, actin filaments were stained by using phalloidin-rhodamine (Molecular Probes) and fixed as described by the manufacturer. Where indicated, cells were treated with the PI 3-kinase inhibitor LY294002 (Calbiochem; 16 M, changed every hour) or carrier (DMSO) 2 to 4 h before the analysis of the sample.
Cloning. The various steps in the cloning of the constructs were performed by standard techniques and all constructs were verified by sequencing (17) . The various jfc1 DNA fragments cloned into the EcoRI͞SalI sites of the pEGFP-C2 polylinker were generated by PCR by using jfc1 cDNA as template. The oligonucleotides including EcoRI or SalI sites (underlined) used were GGGGAATTCAT-GCCCCAGAGGGGCCACCCATCGCAA (oligonucleotide 1, coordinates: nucleotides ϩ1 to ϩ27) and GGGGTCGAC-CCCGTCCTGGGGGCCAGGTTGGTTCT (oligonucleotide 2, coordinates: nucleotides ϩ1686 to ϩ1662) for full-length JFC1 (EGFP-JFC1); oligonucleotide 1 and GGGGTCGACCCGC-CCCAGTCCCACGTGTCCAGGGG (oligonucleotide 3, coordinates: nucleotides ϩ1131 to ϩ1108) for amino terminal JFC1 including the C2A domain (EGFP-NH2-C2A); GGGGAAT-TCAGCCTGTCAGGCGACGCGGAGGCGGTG (oligonucleotide 4, coordinates: nucleotides ϩ766 to ϩ792 and oligonucleotide 3, for the C2A domain (EGFP-C2A); oligonucleotide 4 and oligonucleotide 2, for carboxyl terminal including both C2 domains (EGFP-C2A-C2B) and GGGGAATTCTCCCTCAAGTACGTC-CCCGCCGGCTCC (coordinates: nucleotides ϩ1213 to ϩ1239) and oligonucleotide 2, for carboxyl terminal including the C2B domain (EGFP-C2B).
The p40 PHOX -PX domain (amino acids 1-147), the Akt1-PH domain (amino acids 1-131) and the phospholipase C-␦ (PLC␦) PH domain (amino acids 1-174), cloned into the EcoRI͞SalI sites of pDsRed1-N1, were generated by PCR by using p40 PHOX cDNA as a template (gift from Lucia Lopes, Universidad de Sao Paulo, Sao Paulo, Brazil), Akt1 cDNA (Upstate), or Human Universal QUICK Clone cDNA (CLONTECH), respectively. For p40 PHOX -PX, the oligonucleotides (EcoRI or SalI sites underlined) used were GAATTCCCATGGCTGTGGCCCAG-CAGCT (coordinates: nucleotides ϩ1 to ϩ20) and GTCGAC-CCATGGCCTGGGGCACCTGCTC (coordinates: nucleotides ϩ441 to ϩ421). For DsRed-Akt-PH, the oligonucleotides used were GAATTCCCATGAGCGACGTGGCTATTGTGAAG (coordinates: nucleotides ϩ1 to ϩ24) and GTCGACCCAGC-CCCTGAGTTGTCACTGGGTGA (coordinates: nucleotides ϩ393 to ϩ370). For DsRed-PLC␦-PH, the oligonucleotides used were GGGGAATTCATGGACTCGGGCCGGGACTTCCTG (coordinates: nucleotides ϩ1 to ϩ24) and CCCGTCGACTG-GATGTTGAGCTCCTTCAG (coordinates: nucleotides ϩ524 to ϩ505).
Nitrocellulose Phospholipids-Binding Assays. The binding of glutathione S-transferase (GST)-C2A or GST-Rac (negative control) to several phospholipids and phosphoinositides was evaluated by a dot-blot assay, as described (18) with minor modifications. The GST fusion proteins were affinity-purified by the use of glutathione-agarose (Amersham Pharmacia), as described (11, 19) . Phospholipids were resuspended at 2 mg͞ml according to the manufacturer's specifications and were spotted (4 g) onto nitrocellulose sheets. GST-C2A or the negative control in Trisbuffered saline containing 0.5% BSA was then used to probe the phosphoinositide-containing nitrocellulose for 30 min at room temperature. The bound protein was visualized by immuno-blot analysis by using an antibody raised against GST (Upstate Biotechnology, Lake Placid, NY). Phosphatidylinositol, phos-phatidylcholine, phosphatidylserine, and phosphatidylinositol 4-phosphate [PtdIns(4)P] were obtained from Sigma; PtdIns(4,5)P 2 was from Calbiochem or Matreya (Pleasant Gap, PA); and PtdIns(3)P, PtdIns(3,4)P 2 , and PtdIns(3,4,5)P 3 were from Matreya.
Results

JFC1 Associates with the Plasma Membrane via Its C2A Domain in
Living Cells. As we reported, JFC1 is peripherally associated with the plasma membrane (12) . To determine which domain of JFC1 is responsible for this association, we generated various chimeras consisting of a fusion between the EGFP protein and various JFC1 domains. When expressed in NIH 3T3 cells, the C2A was the only domain of JFC1 to localize exclusively to the plasma membrane in vivo (Fig. 1A) . The presence of non-C2A JFC1 domains (either amino-or carboxyl-terminal extensions) in the fusion proteins increased the presence of the proteins in the cytosol ( Fig. 1 A) . Similar results have been observed when the constructs were expressed in 3T3-L1 and LNCaP cells (not shown). When expressed in NIH 3T3 cells, the EGFP-C2A also could be detected in the nucleus, but the physiological relevance of this later observation is still unknown. This data strongly suggests that the C2A domain is responsible for the membranebinding capacity of JFC1. The C2B domain was the other obvious candidate to be responsible for the membrane association of JFC1. However, the fusion containing the C2B but not the C2A domain of JFC1 localized mainly in the cytosol ( Fig. 1 A) , indicating that the C2B domain is not involved in the membrane localization, at least under unstimulated conditions. The EGFP-JFC1 full-length fusion was codistributed in the membrane, the cytosol and the nucleus in the NIH 3T3 cell line ( Fig. 1 A) and LNCaP cells (see Fig. 5 ). Correspondingly, endogenous or overexpressed JFC1 was equally distributed in the soluble fraction as well as in the membrane and nuclear fraction of LNCaP or JFC1-transfected HeLa S3 cells, respectively, when detected by immunoblotting ( Fig. 1B) . Interestingly, JFC1 has been shown to be present in the particulate fraction but not in the cytosol in human neutrophils (12) . This difference is probably attributable to a basal level of activation of those cells as a result of the isolation process or to the relatively low level of expression of JFC1 in neutrophils.
The C2A Domain of JFC1 Binds to 3-Phosphoinositides in Vitro. In a previous work, we demonstrated that JFC1 binds to 3Јphosphoinositides in vitro (12) . Because the C2A domain of JFC1 seemed to be responsible for its membrane-binding capacity in vivo, we evaluated whether this domain binds phosphoinositides in vitro, similarly to that observed for the full-length JFC1. Fig.  2 shows that GST-C2A bound to 3Ј phosphoinositides in a dot-blot assay. The C2A domain of JFC1 bound mainly to PtdIns(3,4,5)P 3 and, to a lesser extent, to PtdIns(3,4)P 2 and PtdIns(3)P, indicating that the fully phosphorylated inositol head group enhances the binding capacity of this domain. JFC1-C2A binding to PtdIns(4,5)P 2 was only 24.9% of that obser ved for PtdIns(3,4,5)P 3 and 44.8% of that for PtdIns(3,4)P 2 , suggesting that phosphorylation in position 3Ј plays a central role in the specificity of the binding.
JFC1-C2A and Full-Length JFC1 Bind to PI 3-Kinase Products in Living
Cells. The PH domain of Akt is known to bind specifically to the PI-3 kinase products PtdIns(3,4)P 2 and PtdIns(3,4,5)P 3 (6, 20) . To evaluate whether the C2A domain of JFC1 shares the plasma membrane docking point with the Akt PH domain, we cotrans-fected expression vectors for the JFC1 C2A domain and the Akt PH domains as fusion proteins with the EGFP and the DsRed, respectively. When NIH 3T3 cells were cotransfected with the Akt PH domain, the C2A domain of JFC1 and an active form of the PI 3-kinase, both phosphoinositide-binding domains colocalized at the plasma membrane level (Fig. 3 Upper) . We then used a similar approach to evaluate the distribution of JFC1-C2A in LNCaP cells. This prostate carcinoma cell line has elevated PI 3-kinase activity and 3Ј-phosphoinositides levels because of a deficiency of the lipid phosphatase and tensin homolog (PTEN) (21, 22) . Noticeably, when the Akt PH domain and the JFC1-C2A are expressed in LNCaP cells, they again colocalized at the plasma membrane ( Fig. 3 Lower) . Furthermore, when the EGFP-JFC1 full-length fusion was expressed in LNCaP cells, a speckled distribution was observed at the plasma membrane ( Fig. 4) . This pattern vanished when the LNCaP cells were treated with the specific PI 3-kinase inhibitor LY294002, suggesting that JFC1 localizes to areas of the plasma membrane that are enriched in 3Ј-phosphoinositides.
Does the JFC1 C2A Domain Bind to PtdIns(4,5)P2 in Living Cells?
The cellular levels of PtdIns(4,5)P 2 are approximately 50 times larger than that of PtdIns(3)P and 1,000 times larger than that of PtdIns(3,4,5)P 3 in unstimulated cells (23) . Thus, although JFC1-C2A principally binds to 3Ј-phosphoinositides in vitro, the lowlevel binding of PtdIns(4,5)P 2 in vitro could be significant, and thus, the possibility that PtdIns(4,5)P 2 could act as a docking point for JFC1-C2A in vivo should not be ruled out before examination. To check this hypothesis, we used the PH domain of PLC␦, which is known to specifically bind to PtdIns(4,5)P 2 (24) . When DsRed-PLC␦-PH was coexpressed with EGFP-C2A in untreated NIH 3T3 cells, localization of both fusion proteins at the plasma membrane level was observed ( Fig. 5 Top) . However, it has been established that the overexpression of PtdIns(4,5)P 2 binding proteins decreases the local PtdIns(4,5)P 2 concentration (25) . Therefore, the number of binding interactions between PtdIns(4,5)P 2 and cytoskeletal proteins diminishes and so does the adhesion energy, leading to the formation of membrane blebs (25) . In this work, the overexpression of PLC␦-PH but not JFC1-C2A induced the formation of these structures (Fig. 5 ). Moreover, PLC␦-PH but not JFC1-C2A localized to the membrane blebs. These data establish a difference in the distribution of these domains, although it could be as a result of differences in their affinity for PtdIns(4,5)P 2 rather than by the recognition of a different docking point by JFC1-C2A. To resolve this issue, we evaluated the effect of PI 3-kinase inhibitors on the distribution of both domains. As discussed above, JFC1-C2A localizes at the plasma membrane in both NIH 3T3 and LNCaP cells ( Figs. 1 and 3 , respectively). When NIH 3T3 or LNCaP cells were treated with the PI 3-kinase inhibitor LY294002 ( Fig. 5 Middle and Bottom) after being cotransfected with JFC1-C2A and PLC␦-PH, only the former domain was dissociated from the plasma membrane. These results confirm that the JFC1 C2A domain mainly binds to a PI 3-kinase inhibitor-sensitive basal pool of lipids, presumably PtdIns(3,4,5)P 3 or PtdIns(3,4)P 2 , even in unstimulated cells. Nevertheless, even after the continuous treatment with LY294002, a small fraction of JFC1-C2A remains in the plasma membrane ( Fig. 5) , so it is possible that this domain, when highly expressed, may bind to some extent to a PI 3-kinase inhibitorinsensitive pool of phosphoinositides.
It is well documented that overexpression of PtdIns(4,5)P 2 binding proteins can disrupt actin polymerization (25) , and it has been demonstrated that the overexpression of the PtdIns(4,5)P 2sequestering protein PLC␦-PH dramatically reduces the adhesion energy and disrupts polymerized actin in NIH 3T3 cells (25) . In an attempt to use a different approach to demonstrate that PtdIns(4,5)P 2 is not the major membrane-binding site for JFC1-C2A, we determined whether the overexpression of JFC1-C2A induces the disruption of the actin cytoskeleton in NIH 3T3 cells. As shown in Fig. 6 , overexpression of JFC1-C2A did not significantly affect actin polymerization, suggesting again that PtdIns(4,5)P 2 is not the main docking point of JFC1-C2A in the plasma membrane.
The Membrane Localization of JFC1-C2A Is Modulated by Calcium. It is well established that the capability of several proteins to bind to phosphoinositides is affected by calcium (9) . In this work, the effect of calcium on the ability of the JFC1 C2A domain to localize to the plasma membrane has been evaluated in NIH 3T3 cells. The C2A domain of JFC1 was dissociated from the plasma membrane after calcium influx induced by ionomycin ( Fig. 7) . Interestingly, the effect was differentially manifested proportionally to the extra-cellular calcium concentration used in the assay (Fig. 7) , showing a low effect at 10 M Ca 2ϩ and total dissociation at 1 mM Ca 2ϩ . In a recent work (26) , the effect of a calcium inf lux trigger by ionomycin on the binding of GAP1 IP4BP to PtdIns(4,5)P 2 was evaluated. In that study, it was suggested that a Ca 2ϩ -mediated PLC activation was responsible for the release of the protein from its docking point, which is supported by the fact that the PLC inhibitor U73122 prevented the effect. Nevertheless, a similar approach failed to show the release of the PtdIns(4,5)P 2 -binding protein Tubby from the plasma membrane (3) . Importantly, in this work, the PLC inhibitor U73122 did not prevent the effect elicited by Ca 2ϩ ͞ ionomycin (not shown). Therefore, in this case, the calciummediated membrane dissociation of JFC1-C2A does not seem to be mediated by the activation of a PLC as demonstrated for GAP1 IP4BP (26) . Moreover, the inhibitor U73122 was found to mimic the effect triggered by Ca 2ϩ ͞ionomycin (Fig. 7) , which The less apparent membrane staining of JFC1-C2A observed in this figure was caused by the fixation process. This appearance has been described for other membrane-binding proteins (25) and does not affect the validation of the result.
correlates with the described capacity of U73122 to induce the release of Ca 2ϩ from intracellular deposits (27) . Altogether, these data suggest that the C2A domain of JFC1 may be dissociated from the membrane by calcium-mediated electrostatic interference rather that by a Ca 2ϩ -mediated PLC activation. This suggestion is also supported by the fact that, although 10 M calcium has been demonstrated to elicit maximum PLC activation (28) , only slight C2A membrane dissociation was observed in this work at this calcium concentration. Moreover, neither the phosphoinositide-PLC inhibitor ET-18-OCH 3 , the calmodulin-dependent kinase II inhibitor AIP-myristoylated, or the calpain inhibitors III and V (Calbiochem) were able to prevent the effect elicited by Ca 2ϩ on the dissociation of JFC1-C2A from the plasma membrane (not shown).
Discussion
In this work, we present strong evidence that the C2A domain of JFC1 is responsible for the binding of JFC1 to the plasma membrane via 3Ј-phosphoinositides. This observation is supported by three different findings. First, the C2A domain of JFC1 is the only domain present in this protein that localizes to the plasma membrane and minimally to the cytosol. Moreover, the solubility of JFC1 fusion increased with the inclusion of other domains (either amino-or carboxyl-terminal extensions). Secondly, in this work, the C2A domain of JFC1 binds 3Јphosphoinositides in vitro with specificity similar to that described for JFC1 (12) , indicating that this domain is sufficient for the specific membrane localization of the full-length protein.
Finally, the JFC1 C2A domain colocalized with the PtdIns(3,4,5)P 3 -binding domain, Akt-PH, and both, the JFC1-C2A and the full-length JFC1, dissociated from the membrane in the presence of PI 3-kinase-specific inhibitors.
In vitro binding analysis performed in this work indicates that, similar to that described for the full-length JFC1 (12) , the JFC1 C2A domain binds preferentially to 3Ј-phosphoinositides over PtdIns(4,5)P 2 . However, the concentration of PI 3-kinase products is known to be relatively low, especially in unstimulated cells (23) . Therefore, it is considered that to bind to PtdIns(3,4,5)P 3 exclusively, such a domain must exhibit an affinity for PtdIns (3, 4, 5 )P 3 at least one order of magnitude larger than for PtdIns(4,5)P 2 (24) . Not surprisingly, although more than 100 PH domain-containing proteins have been described, only two domains have been found to specifically bind to PtdIns(4,5)P 2 or PtdIns(3,4,5)P 3 in an exclusive manner (6) . These are the PH domain of PLC␦ and the PH domain of the general receptor for phosphoinositides-1 (GRP1), respectively. In terms of phosphoinositide recognition, promiscuity is not restricted to PH domains. The C2B domain of Syt I has been shown to bind to PtdIns(4,5)P 2 and PtdIns(3,4,5)P 3 in vitro (9) . In that case, the specific binding to more than one pool of phosphoinositides was considered to have direct physiological implications. It has been proposed that Syt I is a bimodal calcium sensor, switching its affinity for PtdIns(4,5)P 2 and PtdIns(3,4,5)P 3 accordingly with the intracellular calcium concentration and, thus, regulating neurotransmitter release (9) . The binding of the Syt I C2B domain to PtdIns(3,4,5)P 3 represents the priming state of exocytosis and, in response to an increase in the intracellular calcium, the Syt I-C2B would switch to the PtdIns(4,5)P 2 pool, characterizing the fusion-competent conformation (9) . Because of the similarities observed between the JFC1 C2A domain and the Syt I C2B domain (12) , it could be speculated that JFC1 plays a similar role. However, from the data presented here, it becomes apparent that JFC1 binds to PtdIns(3,4,5)P 3 but not to PtdIns(4,5)P 2 in vivo. This reasoning is supported by several observations. In the presence of the specific PI 3-kinase inhibitor LY294002 (Fig. 5 ), the C2A domain of JFC1 is dissociated from the plasma membrane under circumstances that the PtdIns(4,5)P 2 -binding domain PLC␦-PH remains bound to the membrane . Interestingly, we observed similar results in unstimulated NIH 3T3 cells, suggesting that JFC1-C2A might recognize basal levels of 3Ј-phosphoinositides. Noticeably, there is increasing evidence that basal levels of PI 3-kinase activity are crucial in some regulatory pathways. For instance, the activation of Ras by mitogenic concentrations of EGF has been found to depend on basal, rather than stimulated, PI 3-kinase activity (29) . In addition, the lack of PtdIns(4,5)P 2 binding by JFC1-C2A is also supported by its inability to disrupt actin polymerization significantly or to induce the formation of membrane blebs when overexpressed in NIH 3T3 cells, as demonstrated for other PtdIns(4,5)P 2 -binding proteins (25) . Finally, as discussed above, the Syt I C2B domain binds PtdIns(4,5)P 2 preferentially over PtdIns(3,4,5)P 3 only at high calcium concentrations (9). Conversely, we show in this work that JFC1-C2A dissociates from the membrane in the presence of calcium ( Fig. 7) , indicating that in contrast to that observed for Syt I-C2B, JFC1-C2A does not have high affinity for PtdIns(4,5)P 2 even in the presence of Ca 2ϩ . This discrepancy could be attributed to the fact that although Syt I-C2B and JFC1-C2A are highly homologous, they differ in residues that have been shown to be involved in the recognition of phosphoinositol groups (12) .
Initially, we isolated and cloned JFC1 in our laboratory as a protein that associates with the NADPH oxidase cytosolic factor p67 PHOX . In the original work, we suggested that because of the presence of two C2 domains in tandem, its capacity to bind to phosphoinositides in vitro and the expression of its mRNA in tissues with secretory functions, JFC1 could be involved in cellular trafficking (12) . Noticeably, a specific interaction between JFC1 and Rab27A has been demonstrated recently by Seabra and coworkers (13) . Moreover, similar results have been described for a mouse homologous for JFC1 by a different group (30) . Because it is well established that the Rab family of proteins function in membrane trafficking by determining the specificity of vesicle transport in eukaryotic cells (31), the findings described above confirm our previous suggestions. In particular, Rab27A has been implicated in the mechanism of melanosome movement on cytoskeletal tracks mediated by its interaction with the unconventional motor protein myosin Va and the effector Fig. 7 . The C2A domain of JFC1 is released from the membrane in response to an increase in intracellular calcium. NIH 3T3 cells were transfected with the EGFP-C2A construct and analyzed 48 h after transfection. The cells were stimulated with ionomycin at various Ca 2ϩ concentrations (Top and Middle) at room temperature. (Bottom) The effect of U73122 in the absence of ionomycin or extracellular calcium. Images were collected before (0 min) and after the addition of the indicated stimuli. Similar data were obtained in six different experiments.
melanophilin (32) . Interestingly, mutations in Rab27A or myosin Va lead to the autosomal recessive disease known as Griscelli syndrome (33) , which is characterized by partial albinism originated by deficient melanosome transport (14) and immune deficiency caused by abnormal regulated-secretion in cytotoxic T lymphocytes (CTL; ref. 15 ). In the same way, mutations in melanophilin cause the melanosome transport defects observed in leaden mice (34) . Similarly to JFC1, melanophilin presents homology to the Rab3a-binding domain of Rabphilin-3 (34) and binds specifically to Rab27A via this domain. Interestingly, based on the observation that Rab27A mutations but not melanophilin mutations lead to CTL granule exocytosis deficiency, it has been suggested that Rab27A associates with different effectors in nonmelanocytic cells (35) . As proposed (13), JFC1 is an obvious candidate to play this role. Importantly, PI 3-kinase products have been largely involved in regulated secretory mechanisms by taking part in the segregation of Rab proteins and their effectors into different cell compartments (36) . In this work, we demonstrate that JFC1-C2A binds preferentially to PtdIns(3,4)P 2 and PtdIns(3,4,5)P 3 , two phosphoinositides that localize to the plasma membrane (1) . On the other hand, JFC1-C2A did not colocalize with the PtdIns (3)P binding domain of p40 PHOX -PX that localizes in early endosomes (not shown). Because JFC1 seems to be a specific effector of Rab27A, we propose that JFC1 could act as a key molecule to position the Rab-containing vesicle into a specific docking point on the plasma membrane by binding to Rab27A by its amino-terminal domain and to PtdIns(3,4,5)P 3 via its C2A domain. This proposal correlates with the suggestion that the defect in secretion in CTL's lytic granules in the Rab27A-deficient ashen mice is caused by the granule's inability to move toward the docking point at the plasma membrane (15) and with the demonstration that granule exocytosis in CTLs is mediated by PI 3-kinase activation (37) . Moreover, the mobilization of intracellular calcium takes place downstream from PI 3-kinase activation during exocytosis in CTLs (37) . Therefore, from the data presented here, it is possible that JFC1-C2A plays a dual role during exocytosis. First, docking the vesicle to a PtdIns(3,4,5)P 3 -enriched membrane microenvironment and then dissociating the exocytosis complex from the plasma membrane after the calcium increase and vesicle fusion.
